The presence of neural stem cells (NSCs) in the adult mammalian brain has prompted hope for replacement of degenerating neurons. This potential avenue for repair has been further supported by the observation that neuroblasts originating from these NSCs are recruited to sites of injury 1, 2 . Adult neurogenesis occurs largely in two regions of the forebrain that generate distinct types of neurons: the subgranular zone generating glutamatergic projection neurons of the dentate gyrus and the SEZ generating GABAergic interneurons of the olfactory bulb 3 . The potential of these regions to contribute to endogenous repair may depend on the range of neuronal subtypes that they can produce. Although earlier transplantation studies have proposed a broad potential of NSCs in regard to the generation of different neuronal subtypes 4 , this view has recently been challenged by the demonstration that there are distinct NSCs with restricted potential regarding subtype specification 5 . On the other hand, it has been suggested that apoptotic cell death in the cerebral cortex elicits the migration of neuroblasts from the SEZ with the ability to replace glutamatergic projection neurons 6, 7 . Given that SEZ cells have so far been thought to generate only GABAergic neurons, this recruitment either suggests a high degree of plasticity of adult SEZ cells or, alternatively, there might be a yet undefined source of glutamatergic neurons in this region.
NSCs in the adult SEZ generate GABAergic interneurons integrating into the granule cell layer (GCL) or glomerular layer of the olfactory bulb 8 . A large part of these interneurons arise from the lateral SEZ, which derives from the ventral telencephalon, producing mostly telencephalic GABAergic neurons during development 8, 9 . Transcription factors that are crucial for the generation of GABAergic interneurons during development, such as Dlx 10 and Sp8 (ref. 11) , continue to determine the postnatal and adult generation of olfactory bulb interneurons 10, 11 . Transcription factors that are present in the dorsal telencephalon during development, such as Pax6 or Neurog2 (ref. 12) , are largely restricted in their expression to the dorsal region of the adult 10, 13 or postnatal SEZ 14 . Fate-mapping experiments have shown that the adult dorsal SEZ originates from the Emx1-positive area of the embryonic telencephalon and participates in the generation of specific subtypes of GABAergic olfactory neurons, such as the dopaminergic periglomerular neurons 15, 16 .
However, during embryonic development, dorsal progenitors generate predominantly glutamatergic neurons in a Pax6-dependent manner, including those of the olfactory bulb 17, 18 . Thus, the entire population of olfactory bulb projection neurons is thought to derive from a Pax6-expressing territory 19 . In the developing cerebral cortex, Pax6 regulates Neurog1 and Neurog2 expression and these transcription factors are important to specify cortical neurons toward a glutamatergic fate 17, 18, 20 . In addition, the transcription factors Tbr1 and Tbr2 (also known as Eomes) are expressed in early postmitotic glutamatergic neurons and their intermediate progenitors 21 . Given the glutamatergic progeny of the dorsal telencephalon during development and its contribution to the adult SEZ, we searched for and found progenitors generating glutamatergic neurons in the adult dorsal SEZ.
RESULTS

Neurog2 and Tbr2 in a subset of dorsal SEZ progenitors
We detected Neurog2-and Tbr2-immunoreactive cells in a dorsal subregion of the SEZ and the rostral migratory stream (RMS) (Fig. 1a-d and Supplementary Fig. 1 ), whereas Pax6-and Mash1 (also known as Ascl1)-expressing progenitors were distributed in a more widespread manner (Supplementary Fig. 2 ). Consistent with their similar localization, most Neurog2-expressing cells (green fluorescent protein (GFP)-expressing cells in mice in which GFP had been inserted into the Neurog2 locus, referred to Neurog2 +/gfp ; Supplementary Fig. 1 ) were either Tbr2 or Tbr1 immunopositive (Tbr2, 96%, 394 Neurog2 +/gfp cells; Tbr1, 70%, 151 Neurog2 +/gfp cells; Fig. 1e,f) . To further examine their identity, we also stained for doublecortin (Dcx), a protein that is exclusively present in neuroblasts and young postmitotic neurons. The majority of Neurog2 +/gfp -positive (80 ± 4%, 212 Neurog2 +/gfp cells), Tbr2-positive (70 ± 8%, 255 cells) and Tbr1-positive (97 ± 2%, 265 cells) cells were also Dcx positive (Fig. 2a-c) . To distinguish postmitotic neuroblasts from proliferating neuronal progenitors, we stained for Ki67, a protein that is present in dividing cells, or provided the DNA-base analog BrdU, which is incorporated in proliferating cells. Tbr1-positive cells lacked Ki67 immunoreactivity and did not incorporate BrdU within a few hours of injection (1 ± 1%, 201 cells; Fig. 2) , suggesting that virtually all of the Tbr1-positive cells were postmitotic neurons. Conversely, 37% of the GFP-positive cells (156 cells) colocalized with Ki67 and 22% were labeled with BrdU (Fig. 2d,g ), indicating that one-third of these cells comprise an actively dividing progenitor population. Likewise, a small subset of Tbr2-positive cells incorporated BrdU (Fig. 2e,g ). During development, Tbr2 is mostly contained in progenitors undergoing a last round of cell division, whereas Tbr1 is present in postmitotic neurons 21, 22 . To examine whether Tbr1-positive cells arise from proliferating progenitors, we injected BrdU intraperitoneally and waited for 3 d. A quarter of the Tbr1-positive cells labeled with BrdU (Fig. 2g) , consistent with Tbr1 being expressed when cells become postmitotic. To ensure that Tbr1-positive neuroblasts originated from Tbr2-positive progenitors, we used Tbr2 BAC-gfp mice 23 (Supplementary Fig. 3 ), which allowed us to carry out short-term fate mapping, as GFP persists for longer than Tbr2 (ref. 24) . Indeed, almost all of the Tbr1-immunoreactive cells in the RMS were GFP positive ( Supplementary Fig. 3) , consistent with the idea that they originate from Tbr2-expressing progenitors.
Notably, none of these transcription factors (Neurog2, Tbr2 or Tbr1) were ever colocalized with GFAP, a protein that is characteristically expressed in astroglia, including NSCs (data not shown). However, we determined that the Tbr-expressing cells were derived from astrocytelike NSCs by genetic fate mapping with GLAST::creERT2 mediating recombination in GLAST-positive NSCs 25 ( Supplementary Fig. 4) . Consistent with the recombination frequency observed on tamoxifeninduced recombination 25, 26 , more than 60% of the Tbr2-positive cells were GFP positive, that is, derived from astrocyte-like NSCs (64% of the Tbr2-positive cells were Tbr2 and GFP double positive, 104 cells). Thus, an adult, NSC-derived subpopulation of actively dividing progenitors and young neuroblasts in the SEZ and RMS express a series of transcription factors that are normally indicative of a glutamatergic neuronal lineage.
To determine whether Tbr1-or Tbr2-positive neuroblasts may nevertheless have GABAergic traits, we analyzed Dcx-positive neuroblasts in the RMS. Although most neuroblasts already express GAD, synthesize GABA 27 and are GFP positive in Gad67 (also known as Gad1)::gfp 28 and Gad65 (also known as Gad2)-gfp 29 mice in which GFP protein expression is confined to cells expressing Gad67 or Gad65 mRNA (Fig. 3a-c) , Tbr1 and Tbr2 double-positive cells define a neuroblast subset that lacks both Gad67- (Fig. 3d-g ) and Gad65-driven GFP (Fig. 3h) . Consistently, Tbr-positive cells did not contain Dlx (Fig. 3i) . Moreover, also in the olfactory bulb, Tbr2-positive cells did not colocalize with any GABAergic interneuron markers, such as tyrosine hydroxylase, calbindin or calretinin (Supplementary Fig. 5 ). Arrival of Tbr2-positive neuroblasts in the olfactory bulb Although Tbr2 and Tbr1 are clearly contained in migrating neuroblasts in the RMS, hardly any of the Tbr2-or Tbr1-immunoreactive cells present in the glomerular layer of the olfactory bulb were BrdU labeled at postnatal or adult stages (Supplementary Fig. 6 ), whereas they could be readily labeled by injection of BrdU at embryonic stages ( Supplementary Fig. 6 ). Thus, Tbr1-or Tbr2-positive cells in the olfactory bulb are generated during embryonic development. This implies that the Tbr2-positive dividing progenitors present in the adult RMS either do not arrive or survive in the adult olfactory bulb, or, alternatively, that the expression of these transcription factors is transient and lost on arrival.
To distinguish between these possibilities and to elucidate the fate of the Tbr2-positive progenitors in the RMS, we followed their progeny using Tbr2 BAC-gfp mice for short-term fate mapping. GFP and Dcx double-positive cells were present in the RMS at the entrance to the olfactory bulb (Fig. 4a,b) and were distributed toward the glomerular layer (Fig. 4c) . Some GFP-positive cells in the glomerular layer incorporated BrdU following 3 weeks of administration via their drinking water ( Fig. 4d-i) , suggesting that the progeny of the adult dividing Tbr2-positive progenitors indeed arrived in the olfactory bulb, where these cells then downregulated Tbr2 (Fig. 4j-m) and Tbr1 protein (data not shown). Consistently, Tbr2-driven GFP vanished with a delay, as reflected by the lower GFP levels in the few juxtaglomerular cells generated and labeled by BrdU 3 weeks earlier that were negative for Tbr2 protein (Fig. 4j-m) .
Adult Neurog2 + progenitors generate glutamatergic neurons
To follow the neuronal differentiation of progenitors that have expressed Neurog2 and/or Tbr2 into later stages by a permanent marker, we used Cre-mediated recombination to activate a persistent reporter gene. As virtually all Neurog2-positive progenitors expressed either Tbr1 or Tbr2 (Fig. 1e,f (Supplementary Fig. 7 ) and GFP-positive cells were not detectable in the ventral and lateral SEZ, but were present in the dentate gyrus (Supplementary Fig. 7) .
To assess whether adult-generated cells of the Neurog2 lineage can be found in the olfactory bulb, we stained newly generated neurons for Dcx. GFP and Dcx double-positive cells were indeed found in the glomerular layer of the olfactory bulb (Fig. 4n) . To confirm that these cells are adult generated, we analyzed GFP-positive cells for incorporation of BrdU (3 weeks in drinking water followed by a 3-week BrdUfree period) and found many BrdU and GFP double-positive cells in the glomerular layer ( Fig. 4o-z) , which amounted to 5% of the entire population of BrdU-positive cells that were present ( Supplementary  Fig. 8 ). Thus, a small population of adult-generated juxtaglomerular neurons is derived from a Neurog2-expressing lineage.
Adult generation of glutamatergic short-axon cells
In some cases, GFP expression in E1-Neurog2-cre; Z/EG allowed us to assess the dendritic morphology of the GFP-labeled neurons that incorporated BrdU as adults. Three-dimensional reconstruction of these BrdU and GFP double-labeled cells from serial sections revealed dendritic arbors extending over 2-3 neighboring glomeruli ( Fig. 4r-t) , a morphology that is typical for short-axon cells, a type of juxtaglomerular neuron mediating glutamatergic transmission between glomeruli 31 .
To further corroborate the adult generation of these juxtaglomerular neurons, we used viral vector-mediated lineage tracing. GFP-containing viral vectors were injected into the ventricle of 3-4-week-old mice (lentiviral vectors; Fig. 5a -l) or into the dorsal SEZ of adult mice (MLV-based retroviral vectors; Fig. 5m-q) , and GFPlabeled progeny were examined 6 weeks later in the glomerular layer (Fig. 5a,h,m) . Similar to cells labeled by Neurog2-cre fate mapping, some of these virally transduced neurons settling in the vicinity of the glomeruli had long dendritic projections between different glomeruli. To examine whether the GFP-positive cells with this short-axon celllike morphology were indeed glutamatergic juxtaglomerular neurons, we stained for the vesicular glutamate transporter 2 (vGluT2; also Although weak, this vGluT2 immunoreactivity was clearly specific, as neither juxtaglomerular cells with a different morphology (Fig. 5a ,e-g) nor Gad65-or Gad67-expressing neurons exhibited this somatic vGluT2 immunoreactivity ( Supplementary Fig. 5) . Notably, such cells were also reporter-positive 4 weeks after tamoxifen-induction of GLAST:: creERT2 mice 25 that were crossed with the R26R-CFP 33 reporter line ( Supplementary Fig. 4 ).
To further ensure the glutamatergic nature of the adult generated neurons, we combined in situ hybridization and BrdU labeling of adult-generated cells to detect the synthesis of the vesicular glutamate transporters in adult cells. Intense vGluT1 and vGluT2 (also known as Slc17a7 and Slc17a6, respectively) mRNA signals were observed in numerous cells located in the mitral cell layer, the external plexiform layer and the glomerular layer, but not in the GCL 32, 34 ( Fig. 6 and Supplementary Fig. 9 ). Consistent with the glutamatergic nature of the vGluT mRNA-expressing cells in the glomerular layer, none was found to express Gad67-driven GFP (data not shown and Supplementary Fig. 5 ). As expected, many vGluT-expressing cells colocalized with Tbr1 or Tbr2; however, a notable population of vGluT-expressing cells surrounding the glomeruli were not Tbr1 or Tbr2 positive (Supplementary Fig. 9 ). Indeed, consistent with the above observation that the adult-generated progeny of progenitors expressing both Neurog2 and Tbr2 downregulated Tbr protein expression in the olfactory bulb, some adult-born BrdU-positive nuclei were surrounded by vGluT2 mRNA (Fig. 6g) , but BrdU and vGluT2 mRNA double-positive cells never colocalized with Tbr2 ( Fig. 6h-j) . BrdU seemed to not label dying cells, as we did not observe BrdU labeling in vGluT2-positive cells shortly after BrdU addition (data not shown). After sufficient time had passed to develop a glutamatergic phenotype, we found a small proportion of BrdU-positive cells (2 ± 0.5%) in the glomerular layer that expressed vGluT2 (Supplementary Fig. 8) . None of the BrdU-labeled cells in the glomerular layer expressed vGluT1 (1,236 vGluT1-positive cells were analyzed; Fig. 6 ), suggesting that only vGluT2-expressing, but not vGluT1-expressing, neurons are adult generated. Thus, results from three independent techniques for labeling adult-generated neurons support the idea that glutamatergic juxtaglomerular neurons are generated in the adult olfactory bulb.
To assess the functional integration of the newly generated glutamatergic neurons, we immunostained for the immediate early gene c-fos (also known as Fos), which is known to be regulated by neuronal activity 3-6 weeks after BrdU administration 35 . c-fos immunoreactivity was detected in the majority of cells that were positive for both BrdU and vGluT2 mRNA (86%, 60 cells, three mice; Fig. 6k,l) , suggesting that most of the adult-generated glutamatergic neurons become functionally recruited about the same time as their GABAergic counterparts.
To further scrutinize the functional integration of these adultgenerated glutamatergic neurons, we carried out ultrastructural analysis in E1-Neurog2-cre; Z/EG fate-mapped cells in the glomerular layer that were stained for GFP with the electrondense DAB reaction product (Supplementary Fig. 10 ). Cells with glutamatergic morphology and at the position of the above described glutamatergic neurons were selected for electron microscopy and synapses formed by DABlabeled processes were examined (Supplementary Fig. 10 ). Consistent with previous evidence that vGluT expression parallels the formation of asymmetric synapses in the olfactory bulb 32 , GFP-positive presynaptic terminals established asymmetric contacts onto target cells in the glomerular layer (Supplementary Fig. 10 ), confirming that juxtaglomerular neurons derived from Neurog2-positive precursors are excitatory and synaptically connected in vivo. 
r t I C l e S
To examine the synapses formed by adult-generated glutamatergic neurons at the physiological level, we used an in vitro system, as the identification of the synaptic targets of a defined neuron by paired recordings in acute slices is virtually impossible. We took advantage of a previously established culture system of primary SEZ progenitors that allow for the maintenance of adult SEZ cells in the absence of mitogens; under these conditions, these cells give rise predominantly to neuronal progeny, thereby reflecting their endogenous lineage 10 . The majority of cells in this culture system are Dlx postive 10 , as observed in vivo and consistent with their GABAergic fate. However, consistent with our in vivo observations, we also detected a small percentage of Tbr2-positive cells (1.5%; Fig. 7 ) that could be transduced with a retroviral vector expressing GFP (Fig. 7c) . Notably, the number of Tbr2-positive cells increased when cells were isolated from the dorsal SEZ, whereas virtually no Tbr-positive cells were contained in the lateral SEZ (Fig. 7b) . After a longer differentiation period, a small proportion of the cells was immunoreactive for vGluT, which became concentrated in puncta after several weeks in vitro, suggesting the formation of functional glutamatergic synapses (Fig. 7d,e and Supplementary Fig. 11 ). When mature neurons were monitored by synapsin (also known as Syn1) promoter-driven GFP 36 , we found that 3% (598 cells) of the cells differentiated into a glutamatergic (vGluT positive) phenotype. To unambiguously determine the functional nature of glutamatergic synapses, we performed perforated patch recordings 37 (Fig. 7e and Supplementary  Fig. 11 ). On the basis of our observation that vGluT-positive neurons typically possessed relatively large somata, we focused our analysis on large GFP-positive neurons ( Fig. 7e and Supplementary Fig. 11 ) and found that nine out of ten had a 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX)-sensitive autaptic response (Fig. 7e) . Notably, neurons with such a response were indeed vGluT immunopositive (Supplementary Fig. 11 ). Furthermore, using paired recordings, we found synaptically connected excitatory neurons in these cultures (Supplementary Fig. 11 ), indicating that adult SEZ progenitors generate glutamatergic neurons that form functional synapses in vitro. Taken together, the data from our ultrastructural analysis, c-fos a r t I C l e S incorporation and in vitro physiology experiments support the idea that glutamatergic olfactory neurons are generated in the adult.
Tbr2+ cells migrate toward sites of neocortical injury
One of the implications of endogenous glutamatergic progenitors being present in the adult SEZ is the possibility that they can be recruited to sites of neocortical injury. We therefore employed an injury model that has previously been shown to elicit repair of cortical projection neurons from endogenous sources of progenitors 6, 7 . Chlorine e 6 -coupled beads were injected into the cortex to retrogradely label callosal projection neurons in the contralateral hemisphere 7 . Indeed, 7 d after injection, neurons containing the beads were observed in layers 2, 3 and 5 of the contralateral site ( Supplementary  Fig. 12 ). Subsequent (7 d after beads injection) laser illumination of the contralateral hemisphere activated the chlorine e 6 , killing the bead-containing neurons (as confirmed by staining for activated caspase 3; Supplementary Fig. 12 ).
When we injected GFP-encoding retroviral vectors into the adult SEZ 2 d before laser illumination, some of the transduced GFP-positive cells migrating from the SEZ toward the lesion were Tbr2 immunoreactive (Fig. 8a) . We found clusters of Tbr2 and Dcx double-positive neuroblasts in the corpus callosum 1 week after laser exposure (Fig. 8b,c) , and some had entered the cortical gray matter (n = 3 mice; Fig. 8d ), whereas such an invasion was never observed in control mice (n = 4 mice). Consistent with the lesion of callosal projection neurons, a fraction of Tbr2 BAC-gfppositive cells were found in cortical layer 2 and 3 10 d after laser illumination. Accordingly, Foxp2 immunoreactivity (labeling lower cortical layers) was not detectable in these Tbr2-gfp-positive cells (Supplementary Fig. 12 ). In contrast, some of them were Cux1 positive (Supplementary Fig. 12 ), which is indicative of an upper-layer neuron identity. The staining was specific, as other cells at similar positions were still Cux1 immunonegative (Supplementary Fig. 12) . Notably, none of the adult-generated neurons in the olfactory bulb were Cux1 positive, suggesting that its expression in cells migrating into the injured cortex reflects the acquisition of a distinct glutamatergic subtype identity. Taken together, these data suggest that at least some of the Tbr2-positive cells in the SEZ and RMS serve as an endogenous source of progenitors that can be recruited to the cerebral cortex on injury.
DISCUSSION
To the best of our knowledge, this is the first description of adult generation of glutamatergic juxtaglomerular neurons of the olfactory bulb. These glutamatergic neurons arise from a lineage that is characterized by the sequential expression of the transcription factors Neurog2, Tbr2 and Tbr1 (expressed in that order) and that originates in the dorsal SEZ. These findings illustrate an unsuspected diversity of SEZ progenitors in regard to a glutamatergic transmitter phenotype of their progeny in the olfactory bulb that can be defined by their location in the dorsal SEZ and their combinatorial expression of different transcriptional cues.
Glutamatergic neurogenesis in the adult olfactory bulb
Thus far, the adult SEZ had been viewed as a region giving rise exclusively to GABAergic interneurons. We provide several independent lines of evidence that a subset of adult SEZ NSCs generates glutamatergic neurons. First, we found that some BrdU-labeled cells in the glomerular layer expressed vGluT2, a transporter for glutamate into synaptic vesicles. Previous electron microscopic analysis in the adult olfactory bulb has shown that cells containing vGluT2 are exclusively neurons forming asymmetric excitatory synapses 32 , indicating that the cells that we found are glutamatergic. Second, genetic and viral fate mapping showed that some adult-generated neurons in the glomerular layer had somatic immunoreactivity for vGluT2 protein 32 , consistent with mRNA expression, identifying these neurons a r t I C l e S source for adult-generated glutamatergic neurons in the adult SEZ. The genetic and viral fate-mapping experiments permitted us to obtain more precise information on the morphology of the newly generated glutamatergic neurons in the glomerular layer. Distinct from GABAergic periglomerular neurons (PGNs), these neurons typically extended their dendritic arbors adjoining several glomeruli, characteristic of so-called short-axon cells 31, 38 , a glutamatergic subpopulation of juxtaglomerular neurons. Notably, despite their small number, shortaxon cells are important for center-surround inhibition among glomeruli, providing excitatory glutamatergic drive to inhibitory PGNs of up to 30 glomeruli 31 . However, we cannot exclude that other subpopulations of juxtaglomerular glutamatergic neurons are also generated in the adult, potentially in a similar diversity of subtypes as observed for the GABAergic PGNs.
The physiological maturation and integration of these cells is supported by the expression of the immediate-early gene c-fos, a member of a family of transcription factors that are rapidly regulated by neuronal activity 35 . Detection of c-fos has previously been used to demonstrate the integration of newborn neurons in the adult dentate gyrus 39 and the olfactory bulb 35 . The expression of c-fos in the BrdU and vGluT2 double-positive neurons, as well as the presence of asymmetric synaptic contacts established by Neurog2-derived neurons, which we observed by electron microscopy, both support a functional integration of these newborn glutamatergic neurons into the neuronal network several weeks after their birth.
One question is what is the functional role of this specific glutamatergic interneuron population. Indeed, even small subsets of olfactory neurons can have a profound functional effect on olfactory information processing 40 and the specificity of adult generation of vGluT2-expressing neurons in the glomerular layer suggests that they have a specific role in the glomerular layer neuronal network, the first synaptic station of the incoming afferents. Synapses using vGluT2 for loading synaptic vesicles generally have a higher release probability compared with those expressing vGluT1 (ref. 41) . Given the importance of short-axon cells in center-surround inhibition, it can be speculated that the new addition of glutamatergic neurons, as with their GABAergic counterparts, is crucial for modifying the interglomerular circuitry during olfactory discrimination learning 42 .
SEZ regionalization and neuronal subtype specification
Recent evidence indicates that the SEZ in adult mice is highly regionalized, with stem cells in different locations having distinct embryonic origins and neuronal fates 5, 13, 15, 16 . Here, we identified a previously unknown SEZ progenitor population that is specifically localized in dorsal regions and undergoes the same transcription factor expression sequence that characterizes many glutamatergic subtypes throughout the brain 12, 21 . Sequential expression of Tbr2 and Tbr1 in developing neurons is a hallmark of glutamatergic lineage throughout the brain 21 . In the developing cerebral cortex and hippocampus, Tbr2-expressing progenitors arise from Neurog2-positive progenitors that themselves are generated by Pax6-expressing radial glia 43 .
We found that this transcription factor sequence was well conserved in the adult dorsal SEZ (Supplementary Figs. 2 and 13) . Although Pax6 was expressed in most Neurog2-or Tbr2-expressing cells, the latter never colocalized with Dlx. Notably, the Neurog2-expressing lineage also originated from Mash1-expressing progenitors, as many Neurog2-positive cells in the RMS are also Mash1 positive (Supplementary Fig. 2 ). Short-term fate mapping by Mash1 BAC-gfp mice also revealed that Tbr2-positive progenitors originated from the Mash1 lineage (Supplementary Fig. 2 ). These data imply that there are at least two different lineages arising from Pax6-and Mash1-expressing progenitors (Supplementary Fig. 13) , a larger population that leads to neuroblasts expressing both Dlx and Pax6 Fig. 13 ). Thus, precursors expressing Pax6 and Mash1 can give rise to both GABA and glutamatergic lineages, raising the question of which signals regulate lineage progression. One candidate that might instruct dorsal SEZ progenitors toward a glutamatergic fate is p-catenin-mediated Wnt signaling, which is involved in upregulation of Neurog1 via Lef1 that directly binds to the Neurog1 promoter in vitro in embryonic telencephalic progenitors 44 . Notably, Neurog1 and Neurog2 are typically expressed together 20 . Once Neurog2 is upregulated, its functional relevance in the specification of glutamatergic neurons from adult SEZ cells is evident not only from developmental analysis 20, 45 , but also from the fact that overexpression of Neurog2 in adult-derived neurosphere cells is sufficient to upregulate Tbr1 and to direct virtually all neurons toward a functional glutamatergic identity 37 .
A source for regenerating glutamatergic neurons
Although neurogenesis in most regions of the telencephalon, including the striatum and cerebral cortex, ceases at early postnatal stages, the ongoing olfactory neurogenesis serves as a potential source of neuroblasts after injury. Indeed, many new neuroblasts migrate into the striatum and generate GABAergic neurons after stroke 46 . Neuroblasts from the SEZ and RMS also migrate into the cerebral cortex, as has been observed after postnatal injury 47, 48 or adult cerebral cortex lesion with chlorine e 6 -induced cell death 6, 7 . Using the latter model in conjunction with retroviral lineage tracing, we found that phototoxic lesion of the cerebral cortex resulted in rerouting of some SEZ progenitors out of the RMS toward the damaged cortex. Some of the recruited SEZ progenitors expressed Tbr2, consistent with their derivation from the glutamatergic lineage. On settling in the damaged cortex, some of these neurons appear to acquire the appropriate layer identity, as suggested by expression of Cux1 in Tbr2-driven GFP-positive cells in upper cortical layers following lesion of callosal projection neurons. In contrast, none of the adult-generated glutamatergic neurons in the glomerular layer were found to express Cux1. These data suggest that progenitors destined to generate glutamatergic juxtaglomerular neurons of the olfactory bulb can be diverted toward a different, in this case a cortical projection neuron, fate 6, 7 . Although the molecular mechanisms underlying such respecification remain unclear, they may involve local cues provided by the injured tissue. Notably, respecification of SEZ-derived cells toward a different neuronal identity has been described with cells migrating after stroke from the SEZ into the striatum, where they then acquire a Darp32-positive medium spiny neuronal phenotype that is normally not generated in adult olfactory bulb neurogenesis 46 . Taken together, our discovery of ongoing generation of glutamatergic juxtaglomerular neurons highlights not only the diversity of adult-generated olfactory neurons in this region, but also the importance of understanding the molecular code of the distinct subtypes of adult progenitors as a major step toward using these neurons for repair. Indeed, the recent discovery of molecular fate determinants for subsets of cortical projection neurons may allow directing the source of adult progenitors for glutamatergic neurons identified here more efficiently toward the repair of cortical projection neurons.
METhODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
ONLINE METhODS
Animals. All animal procedures were performed in accordance with protocols approved by the state of Bavaria and in accordance with the UK (Scientific Procedures) Animals Act 1986. For wild-type analysis, we used C57BL/6 mice. In addition, we used mice with an enhanced GFP cassette inserted into either the Neurogenin2 locus (Neurog2 +/gfp ) 49 or the Gad67 locus (Gad67::gfp) 28 and mice that expressed the Cre recombinase in the GLAST locus 25 crossed with the R26R-CFP reporter 33 to track recombined cells (GLAST::creERT2 R26R-CFP). For induction of Cre-mediated recombination, we injected mice injected twice per day with 50 µl tamoxifen (20 mg ml -1 , dissolved in corn oil, Sigma) for 5 d consecutively, followed by a 1-week interval and then another 5-d series of injections. We also used BAC transgenic mice expressing GFP under the Mash1 (also known as Ascl1) or Tbr2 genomic regulatory sequences (Mash1 BAC-gfp , Tbr2 BAC-gfp ) 23, 50 , transgenic mice that express GFP under the Gad65 promoter (Gad65-gfp) 29 and mice expressing the Cre recombinase under the enhancer element 1 of Neurogenin2 (E1-Neurog2-cre) 30, 43 crossed with the Z/EG 25 reporter (E1-Neurog2-cre; Z/EG) to follow progeny derived from the Ngn2 derived lineage. All of the mice that we used were adults of 2-3 months of age, with the exception of the mice that we used for lentiviral ventricular injections, which were 3-4 weeks old.
BrdU treatment. For detection of proliferating cells, we injected BrdU (Sigma) intraperitoneally (50-100 mg per kg of body weight) 1-2 h before perfusion to label fast-proliferating cells (short pulse) or placed it in the mice's drinking water for 3 weeks (1 mg ml -1 , complete exchange of water twice per week), which was followed by BrdU-free water for 3-4 weeks to allow full neuronal differentiation of labeled progenitors. For the BrdU chase experiment, a single BrdU pulse was given to the pregnant mother at embryonic day 14 or postnatal day 3 (50 mg per kg) and littermates were killed at postnatal days 16 and 60.
In situ hybridization. The vGluT1 and vGluT2 plasmids that we used for in situ hybridization were the kind gifts of L. Cheng (Chinese Academy of Sciences) and Q. Ma. (Harvard Medical School). The Mash1 and Neurog2 plasmids were provided by F.G. and the Tbr2 and gfp 24 were provided by R.F.H.'s laboratory. The Gad65 and Gad67 plasmids were obtained from W. Wurst (Max Plank Institute for Psychiatry).
Digoxigenin-labeled RNA probes were generated by in vitro transcription (NTP labeling mix, Roche; T3, T7 or SP6 polymerase, Stratagene) and in situ hybridization was performed on 30-µm-thick cryostate sections or 70-µm-thick vibratome sections of perfused brains following standard protocols using α-digoxigenin antibodies (Roche, 1:2,000). For fluorescent in situ hybridization, we used a tyramide signal amplification kit (Perkin Elmer).
Immunohistochemistry. For immunohistochemistry, mice were deeply anaesthetized using 5% chloralhydrate (wt/vol) in phosphate-buffered saline (PBS, 0.1 ml per 10 g of body weight), and killed by transcardial perfusion with PBS and then 4% paraformaldehyde (wt/vol, PFA) in PBS. Brains were dissected and postfixed overnight in PFA at 4 °C. For cryostate sections, brains were cryoprotected and cut, and immunostainings were carried out at a thickness of 20 µm. Alternatively, free-floating vibratome sections were cut at a thickness of 60 µm after postfixation.
Primary antibodies were diluted in 0.1 M PBS containing 0.5% Triton X-100 (wt/vol) and 10% normal goat serum (vol/vol) or 2% bovine serum albumin (wt/vol). We used primary antibodies to BrdU (rat, 1:400, Abcam or Accurate; sheep, 1:1,000, Fitzgerald Industries), activated caspase-3 (Promega, rabbit, 1:200), c-fos (mouse, 1:200, Chemicon), pan-Dlx (1:500, rabbit, kindly provided by J. Kohtz, Northwestern University), Dcx (1:2,000, rabbit, Abcam; 1:500, goat, Santa Cruz), GFAP (1:250, guinea pig, Advanced Immunochemical; 1:500, mouse, Chemicon), GFP (1:500, rabbit, Invitrogen; 1:1,000 chicken, Abcam), Ki67 (goat, 1:500, Santa Cruz), Mash1 (mouse, 1:200, kindly provided by D. Anderson, California Institute of Technology; mouse, 1:100, BD Biosciences), Neurog2 (1:100, goat, Santa Cruz), Nestin (1:50, rabbit, Chemicon), Pax6 (mouse, 1:1,000, kindly provided by D. Schulte, Developmental Studies Hybridoma Bank; rabbit, 1:300, Covance), PSA-NCAM (1:1,000, mouse, Chemicon), Tbr1 (1:2,000, rabbit, Chemicon or Abcam), Tbr2 (1:2,000, rabbit, Chemicon or Abcam), vGluT1 (1:1,000, rabbit, Synaptic Systems) and vGluT2 (1:1,000, rabbit, Synaptic Systems). Specimens were incubated overnight at 4 °C. After thorough washing, antibody staining was revealed by appropriate species-or subclass-specific secondary antibodies conjugated to Alexa-488 (1:1,000, Invitrogen), Alexa-568 (1:1,000, Invitrogen), Cy2 or Cy3 (1:1,000, Dianova). Biotinylated secondary antibodies (1:200, Vector Laboratories) were used in combination with the TSA fluorescent amplification kit (Perkin Elmer). Specific labeling was checked by omitting the primary antibody.
BrdU immunohistochemistry was performed as described above after 2 M HCl pretreatment for 45-60 min, followed by incubation in borate buffer (0.1 M, 10 min, pH 8.5). Antigen retrieval for detection of Neurog2 protein was carried out using citrate buffer (0.1 M, pH 6, 20 min, 80 °C).
Viral vector injections.
The retro-or lentiviral vectors that we used encoded only GFP, which was driven by a CAG promoter or ubiquitin promoter, respectively. Viral preparations and injections were performed as described previously 10, 13 . Briefly, mice were deeply anesthetized (ketamine (100 mg per kg, CP Pharma) and xylazine (5 mg per kg, Rompun, Bayer)) and injected with 0.5 µl of viral suspension at 0.7 (anteroposterior), 1.2 (mediolateral) and 1.7-1.4 (dorsoventral) for adult SEZ, and on the level of bregma, 0.8 (mediolateral) and -2.0 (dorsoventral) (relative to bregma) for ventricular injections at the age of 3 weeks.
Immunoelectron microscopy. For electron-microscopic analysis, mice were killed by perfusion with 4% PFA containing 0.1% glutaraldehyde (vol/vol) and postfixed overnight at 4 °C. Free-floating, 50-µm-thick vibratome sections were incubated in primary antibody overnight at 4 °C. After thorough washing, primary antibody staining was detected with a biotin-conjugated secondary antibody (1:200, Vector labs), followed by the ABC kit (Vector labs) and DAB (Polysciences) labeling. The intensity of the staining reaction was monitored in the microscope. Control sections were stained with the secondary antibody alone and no staining could be observed. Sections containing DAB-stained cells were dehydrated in ascending series of ethanol and finally embedded in Durcupan. Ultrathin sections were cut on a Reichert Ultratome and viewed in a Philips 100 electron microscope.
Statistical analysis. Stainings were analyzed using an Olympus FV1000, a Leica SPE or Zeiss LSM5 Pascal laser-scanning confocal microscope with optical sections of maximum 1-1.5-µm intervals or with Zeiss AxioImager.Z1 with apotome component. Colocalization with cell type-specific antigens was quantified in single optical sections of the laser-scanning microscopes. Between five and ten sections per mouse were counted per experiment until comparable numbers of stained or GFP-positive cells per mouse or experiment were reached. The total number of cells counted in all of the mice is indicated in the text. One mouse or experiment represents one mean value and standard deviations were calculated between mice or cultures. For the three-dimensional reconstruction of the location of Neurog2 +/gfp -positive and Tbr2+ cells and of the dendritic arborization of E1-Neurog2-cre; Z/EG fate-mapped cells, we used the Neurolucida software (MBF Bioscience).
cultures and electrophysiology. Primary cultures of adult SEZ stem and progenitor cells were prepared as described previously 10 . Briefly, following dissection of the SEZ of adult mice (>8 weeks), cells were directly plated onto polyd-lysine-coated coverslips in defined medium containing DMEM/F12 (Gibco) and 10 mM HEPES (Gibco), supplemented with B27 (Gibco) in the absence of epidermal growth factor and fibroblast growth factor 2. Dorsal SEZ cultures were obtained by dissecting the upper third of the whole ventricular wall, including the white matter, whereas the lower two-thirds of the ventricular wall were referred to as lateral SEZ cultures. For retroviral labeling, cultures were transduced 2 h after plating. We replaced 50% of the medium with fresh medium 2 d after plating and subsequently maintained the cells for the indicated time periods until electrophysiological analysis or fixation for immunocytochemistry.
For electrophysiology, perforated patch-clamp recordings were performed at 20-25 °C with amphotericin-B (Calbiochem) for perforation 37 . Micropipettes were made from borosilicate glass capillaries. Pipettes were tip-filled with internal solution and back-filled with internal solution containing 200 µg ml -1 amphotericin-B. The electrodes had resistances of 2-2.5 MΩ. The internal solution contained 136.5 mM potassium gluconate, 17.5 mM KCl, 9 mM NaCl, 1 mM MgCl 2 , 10 mM HEPES and 0.2 mM EGTA (pH 7.4) at an osmolarity of 300 mOsm. The external solution contained 150 mM NaCl, 3 mM KCl, 3 mM
